The alpha interferon (IFN-␣)-inducible restriction factor myxovirus B (MxB) blocks HIV-1 infection after reverse transcription but prior to integration. MxB binds to the HIV-1 core, which is composed of capsid protein, and this interaction leads to inhibition of the uncoating process of HIV-1. Previous studies suggested that HIV-1 restriction by MxB requires binding to capsid. This work tests the hypothesis that MxB oligomerization is important for the ability of MxB to bind to the HIV-1 core. For this purpose, we modeled the structure of MxB using the published tertiary structure of MxA. The modeled structure of MxB guided our mutagenic studies and led to the discovery of several MxB variants that lose the capacity to oligomerize. In agreement with our hypothesis, MxB variants that lost the oligomerization capacity also lost the ability to bind to the HIV-1 core. MxB variants deficient for oligomerization were not able to block HIV-1 infection. Overall, our work showed that oligomerization is required for the ability of MxB to bind to the HIV-1 core and block HIV-1 infection.
T he myxovirus resistance proteins represent a family of interferon-inducible factors with a wide range of antiviral activities (1, 2) . The myxovirus B (MxB) gene was originally cloned from a human glioblastoma cell line treated with alpha interferon (IFN-␣) (3, 4) . MxB as well as the related protein MxA belongs to the dynamin-like family of proteins, which have diverse functions ranging from vesicle transport to antiviral activity (1, (5) (6) (7) (8) (9) (10) . The most-studied dynamin-like protein that exhibits antiviral activity is MxA (1, 2) . Contrary to the role of MxB, the antiviral role of MxA has been extensively studied for viruses, including influenza virus (1, (11) (12) (13) (14) , tick-born thogotovirus (15) , African swine fever virus (16) , hepatitis B virus (17) , and La Crosse virus (18, 19) . The antiviral activity of the long form of MxB was recently described (8, (20) (21) (22) ; these investigations led to the discovery that the IFN-␣-inducible protein MxB blocks HIV-1 infection.
Genetic evidence suggested that HIV-1 capsid is the determinant for the ability of MxB to block HIV-1 infection (8, 21, 22) . In agreement with these findings, we have recently demonstrated that MxB binds to the HIV-1 capsid and prevents the uncoating process of HIV-1 (23) . In addition, the work of others and our work showed that the 90 N-terminal amino acids of MxB are important for its ability to bind capsid and restrict infection (23) (24) (25) . The use of MxB large deletion variants showed that oligomerization is important for the ability of MxB to block HIV-1 infection (23) . This work tested the hypothesis that the oligomerization of MxB provides the necessary avidity to the 90 N-terminal amino acids of MxB to bind capsid. For this purpose, we took advantage of the ample oligomerization studies performed with the MxA protein.
MxB, like MxA, is composed of a GTPase domain connected by a bundle-signaling element (BSE) to the stalk domain (Fig. 1A) .
Extensive structural studies have demonstrated that the stalk domain of MxA is important for its oligomerization (11) . In addition, the stalk region of MxA is a tetramer in solution (11) . Interestingly, the crystallization of the stalk region of MxA revealed an oligomerization pattern that requires the interaction of different interfaces (11) . Mutagenesis of these interfaces revealed two classes of mutations: (i) disruption of the MxA tetramer with the predominant formation of dimers (interface 1) and (ii) disruption of the MxA tetramer with the predominant formation of monomers (interface 2). Interestingly, a loss of MxA oligomerization correlates with a loss of antiviral function (11) . This work explores the role of equivalent mutations in the ability of MxB to oligomerize, bind capsid, and restrict HIV-1 infection. Our findings suggest that oligomerization of MxB is required for capsid binding and restriction. We also explored whether the previously described putative leucine zipper domain plays a role in MxB oligomerization, capsid binding, and restriction of HIV-1 infection.
glycoprotein, allowing efficient entry into a wide range of vertebrate cells. Cf2Th canine thymocytes were transduced and selected in puromycin (Sigma).
Infection with viruses expressing GFP. Recombinant HIV-1 expressing green fluorescent protein (GFP) was prepared as described previously (28) . Recombinant viruses were pseudotyped with the VSV G glycoprotein. For infections, 3 ϫ 10 4 Cf2Th cells stably expressing the different MxB variants were seeded in 24-well plates and incubated at 37°C with virus for 24 h. Cells were washed and returned to the culture for 48 h. Subsequently, GFP-positive cells were analyzed using a flow cytometer (Becton Dickinson).
RESULTS
Oligomerization determinants of MxB. We have previously demonstrated that the ability of MxB to oligomerize is important for HIV-1 restriction by the use of large deletions (23) . Particularly, we demonstrated that deletion of the ϳ100 C-terminal amino acids of MxB impaired its ability to oligomerize and restrict HIV-1 infection (23) . To explore the contribution of MxB oligomerization to function, we modeled the structure of MxB using the published tertiary structure of MxA using the I-Tasser online protein structure and function prediction software (http://zhanglab.ccmb.med.umich.edu /I-TASSER/) (11) . Using the modeled structure of MxB (Fig. 1A) and the mutagenesis information previously obtained for MxA (11), we performed a structure-guided mutagenesis of MxB. For this purpose, we modeled the two interfaces between one monomer of MxB and a second monomer based on the higher-order assembly described for MxA (11) (Fig. 1B and C) . As shown in Fig. 1B and C, we targeted residues on interfaces 1 and 2 of MxB ( Fig. 1B and C) . On interface 1, we targeted residues I423, E424, K663, M666, and L669 ( Fig. 1C and Table 1 ); mutations of the equivalent MxA residues resulted in disruption of the MxA tetramer with the predominant formation of dimers (11) . On interface 2, we targeted M574, Q644, and Y651 ( Fig.  1C and Table 1 ); the equivalent mutations in MxA resulted in the disruption of the tetramer with the predominant formation of monomers (11) . Mutagenic analysis of the residues in these interfaces will reveal whether MxB exhibits interactions similar to those of MxA in order to form oligomers.
Previous investigations suggested that MxA exhibits a putative leucine zipper domain important for oligomerization (29) ; however, these experiments were performed by deletion of large segments of MxA and not by the use of single point mutations. In agreement with the hypothesis that MxB contains a putative leucine zipper domain similar to that of MxA (Fig.  1D) , we have shown that disruption of the putative leucine zipper domain of MxB by using the variant L661K completely abolishes the ability of MxB to oligomerize (23) . To assess whether residues in the putative leucine zipper domain of MxB contributes to oligomerization, this work targeted the seven residues corresponding to the putative leucine zipper domain (Table 1) : F647, L654, L661, I668, L692, L699, and L706. Mutagenic analysis of these residues will establish their contribution to MxB oligomerization. Contribution of interface 1, interface 2, and the putative leucine zipper domain to MxB oligomerization. To understand the role of interfaces 1 and 2 in the ability of MxB to form oligomers (Fig. 1C) , we created a set of MxB variants in which individual residues of interfaces 1 and 2 were changed, as it has been done for MxA (Table 1) (11) . Subsequently, we tested the ability of the different MxB variants to form oligomers by using our previously described MxB oligomerization assay in mammalian cells (30) . For this purpose, we evaluated the biochemical ability of wild-type and mutant MxB proteins tagged with a FLAG epitope to immunoprecipitate an MxB protein tagged with an HA epitope in mammalian cells (Fig. 2A) . As previously shown, MxB-FLAG interacts with MxB-HA ( Fig. 2A) . The ability of MxB to oligomerize was not affected in MxB variants with disruptions of interface 1 residues ( Fig. 2A and Table 1 ). Tetramerization was disrupted in MxA variants with mutations equivalent to those in the MxB variants, resulting in the predominant formation of MxA dimers (11) (Table 1). On the contrary, every MxB variant with a disruption of interface 2 lost the ability to oligomerize ( Fig. 2A and Table 1 ). Interestingly, tetramerization was disrupted in the MxA variants with mutations equivalent to those in MxB variants, resulting in the predominant formation of MxA monomers (11) ( Table 1 ).
Next, we tested whether the putative leucine zipper on MxB (Fig. 1D) , predicted by sequence homology to MxA, plays a role in the ability of MxB to oligomerize. As shown in Fig. 2B , none of the tested MxB variants, with the exception of the MxB L661K variant, lost the oligomerization ability. These results show that most of the residues in the putative leucine zipper domain are not involved in the ability of MxB to oligomerize.
To confirm our oligomerization observations using a different approach, we expressed MxB variants in mammalian cells and performed chemical cross-linking experiments using ethylene glycol bis(succinimidyl succinate) (EGS), as described previously (31) . As shown on Fig. 3A , the use of different concentrations of EGS on MxB or MxA resulted in cross-linking of the proteins. In the case of MxA, a fraction of the protein formed oligomers of ϳ150 to 250 kDa by chemical cross-linking, as it has been previously shown (29) . In addition to forming similar oligomers of ϳ150 to 250 kDa, MxB also assembled into complexes that migrated above 250 kDa, which suggests that MxB forms higherorder structures (Fig. 3A) . Next, we tested the ability of the different MxB variants to oligomerize by EGS cross-linking. In agreement with the results of our immunoprecipitation experiments, all MxB variants with mutations in interface 1 showed the ability to oligomerize (Fig. 3B) . Similarly, all MxB variants with mutations in interface 2 lost their ability to oligomerize (Fig. 3B) . We also confirmed by chemical cross-linking the results of the immunoprecipitation experiments performed on the MxB variants with mutations in the putative leucine zipper domain (Fig. 3B) .
Overall, these experiments demonstrated that an intact interface 2 is required for MxB oligomerization, which has also been shown for MxA (11) . Although residue L661 is not in close proximity to interface 2, its disruption resulted in the loss of oligomer- ization, suggesting that this amino acid might be stabilizing a tertiary structure in the MxB monomer which is required for oligomerization.
Contribution of oligomerization to the ability of MxB to bind HIV-1 capsid.
We have previously demonstrated that HIV-1 restriction by MxB requires the ability of MxB to bind to the HIV-1 capsid (23) . To understand the role of oligomerization in the ability of MxB to bind capsid, we tested the ability of interface 1, interface 2, and putative leucine zipper MxB variants to bind in vitro-assembled HIV-1 CA-NC complexes (Fig. 4 and Table 1) as described previously (26) . MxB variants with mutations in interface 1 bound in vitro-assembled HIV-1 CA-NC complexes as strongly as the wild-type MxB (Fig. 4 and Table 1 ). In contrast, MxB variants with mutations in interface 2 lost the ability to bind Lysates were immunoprecipitated using anti-FLAG agarose beads, and immunoprecipitates were eluted using 3ϫ FLAG peptide. Elutions were analyzed by Western blotting using anti-HA and anti-FLAG antibodies (Immunoprecipitation). Representative results from three independent experiments are shown. (B) The ability of MxB putative leucine zipper variants to oligomerize was tested as described in the legend to panel A. Experiments were repeated at least three times, and representative results are shown. WB, Western blotting; IP, immunoprecipitation; LZ, putative leucine zipper; I1, interface 1; I2, interface 2.
in vitro-assembled HIV-1 CA-NC complexes (Fig. 4 and Table 1 ). These results are in agreement with our hypothesis that MxB binding to the HIV-1 capsid requires oligomerization of MxB. In addition, we tested the ability of some MxB variants with mutations in the putative leucine zipper domain of MxB to bind capsid and showed that only the MxB L661K variant lost the ability to bind capsid (Fig. 4 and Table 1 ), and it also lost the ability to oligomerize (Fig. 2 and 3) . These experiments showed that MxB variants that lost the oligomerization ability bound poorly to the HIV-1 capsid, suggesting that oligomerization is providing the avidity for MxB to interact with the HIV-1 capsid. Alternatively, oligomerization of MxB might be also creating the binding site that interacts with the capsid. Overall, our results suggest that oligomerization is important for the ability of MxB to bind to the HIV-1 capsid.
Contribution of oligomerization to the ability of MxB to block HIV-1 infection. To understand the contribution of oligomerization and capsid binding to the ability of MxB to block HIV-1 infection, we tested the ability of MxB variants that lost oligomerization and capsid-binding abilities to block HIV-1 infection. To this end, we stably expressed MxB variants in Cf2Th cells using the pLPCX vector system (Fig. 5A) . We show only the results for cell lines where the expression of the mutant was equal to or greater than that of wild-type MxB since our preliminary observations indicated that the restriction of MxB is sensitive to expression. As shown in Fig. 5B , MxB variants that lost oligomerization and capsid-binding abilities also lost the ability to block HIV-1 infection. On the contrary, MxB variants that did not disrupt oligomerization and capsid binding were not affected in their ability to block HIV-1 infection. As previously shown, the MxB L661K variant also lost its ability to oligomerize, bind capsid, and block HIV-1 infection (23) . The results of these experiments suggest that oligomerization is necessary for the ability of MxB to block HIV-1 infection.
DISCUSSION
The ability of restriction factors to interact with the HIV-1 core requires oligomerization. For example, oligomerization is essential for the ability of rhesus monkey TRIM5␣ proteins to bind to the HIV-1 core. In the case of TRIM5␣ proteins, oligomerization provides the necessary avidity for the SPRY domain to interact with capsid (32) (33) (34) (35) (36) . In agreement with this, oligomerization of the restriction factor MxA is important for its ability to block viral infection (37) . Because we have previously demonstrated that MxB binds to the HIV-1 core (23), this work analyzed the contribution of oligomerization to the ability of MxB to bind to the HIV-1 capsid and restrict HIV-1 infection.
This work took advantage of the results of structure-function studies performed on the MxB-related protein MxA (11, 37) . To study the oligomerization determinants of MxB, we modeled the primary sequence of MxB into the previously solved structure of MxA (37) and used this structure to guide our structure-function studies. This work allowed the discovery of MxB variants that lose their ability to oligomerize, as measured by immunoprecipitation and chemical cross-linking (MxB variants with mutations in interface 2; Fig. 1 ). Interestingly, equivalent mutations in MxA disrupted tetramerization, resulting in the predominant formation of monomers. In contrast, the use of equivalent mutations from MxA that disrupted tetramerization, resulting in the predominant formation of dimers, did not have an effect on the ability of MxB to oligomerize (MxB variants with mutations in interface 1; Fig.  1 ). The findings of these experiments pointed out the determinants used by MxB to oligomerize in human cells, as it has been previously shown for MxA (11) .
The oligomerization ability of MxA is essential for it to work as an antiviral factor. For example, oligomerization permits the direct interaction of MxA with the hepatitis B virus core (17) . Interestingly, our results suggested that oligomerization of MxB is re-quired to bind to the HIV-1 capsid. This suggests the possibility that MxB might be forming an array of proteins on the surface of the HIV-1 core, as shown for rhesus monkey TRIM5␣ (38, 39) . The possibility that MxB, like rhesus monkey TRIM5␣, forms an array of proteins on the surface of the HIV-1 core is interesting, since the effect on uncoating by these two different restriction factors is opposite; MxB prevents uncoating, while rhesus monkey TRIM5␣ accelerates uncoating (23, 40, 41) . Overall, our results are in agreement with a model in which oligomerization provides the avidity for MxB to interact with capsid. Alternatively, MxB oligomerization might be necessary for the formation of a capsidbinding site. Future investigations will determine whether MxB forms a protein array on the surface of the HIV-1 core.
While the manuscript was under review, Fribourgh et al. reported findings similar to ours (42): (i) the modeled MxB structure described here is very similar to the reported structure, and (ii) oligomerization of MxB is important for restriction.
